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Abstract. Ultracold molecules offer brand new opportunities to probe the variation 
of fundamental constants with unprecedented sensitivity. This paper summarizes 
theoretical background and current constraints on the variation of fine structure 
constant and electron-to-proton mass ratio, as well as proposals and experimental 
efforts to measure the variations based on ultracold molecules. In particular, we 
describe two novel spectroscopic schemes on ultracold molecules which have greatly 
enhanced sensitivity to fundamental constants: resonant scattering near Feshbach 
resonances and spectroscopy on close- lying energy levels of ultracold molecules. 
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1. Introduction 

Creation of ultracold molecules at temperatures below 1 fiK by magneto-association 
[H [2] or photoassociation [31 HI E] opens exciting prospects to test the variation of 
fundamental constants on a brand new level. Ultracold molecules offer two major 
advantages: first, the very low temperature allows the molecular samples to be fully 
polarized in one single quantum state and recent experiments have developed schemes to 
access any rovibrational and magnetic levels with very high fidelity. Secondly, the success 
in spatially confining a large number (> 10 4 ) of ultracold molecules for a long storage 
time (>1 s) promises that an extremely high frequency resolution of <lmHz/v / Hz can 
be reached on molecular transitions. These features well prepare ultracold molecules 
as an excellent candidate to perform new generation, very high resolution molecular 
spectroscopy. 

Ultracold molecules can also be prepared in new, exotic regimes, which offer new 
strategies to measure the variation of fundamental constants. For example, Feshbach 
spectroscopy, which identifies coupling to weakly-bound quantum states in atomic and 
molecular collisions, can precisely determine the value of s— wave scattering length [6]. 
Here, scattering length near Feshbach resonances can be an extremely sensitive probe on 
the variation of the electron-proton mass ratio [7] . As a second example, the variation of 
fundamental constants can also be strongly enhanced when the molecules are radiatively 
excited to close-lying, narrow energy levels. Several promising cases have been identified 
in cold molecule systems, including Cs2 [8] and Sr 2 [9]. 

In this review paper, we will provide an overview on the experimental proposals of 
measure the variation of fundamental constants based on ultracold molecules. As we 
will show below, molecular energy structure is mostly sensitive to two fundamental 

2 

dimensionless constants: the fine-structure constant a = f-, which determines the 

he 1 

strength of the electroweak interaction. Here — e is electron's charge, 2ir% is Planck's 
constant, and c is the speed of light; the second fundamental constant is the electron- 
to-proton mass ratio (3 = m e /m p , which characterizes the strength of strong interaction 
in terms of the electroweak. At present, NIST lists the following values of these 
constants [ID]: a" 1 = 137.035999679(94) and /T 1 = 1836.15267247(80). 

Remarkably, in quantum chromodynamics (QCD) there is a similar coupling 
constant a s for strong interaction as is a for electroweak interaction. However, 
because of the highly nonlinear character of the strong interaction, this constant is 
not well defined. Instead of a s , the strength of the strong interaction is usually 
characterized by the parameter Aqcd, which has the dimension of mass and is defined 
as the position of the Landau pole in the logarithm for the strong coupling constant, 
a s {r) = C/ \n (r Aq G d /he), where C is a constant and r is the distance between two 
interacting particles. 

In the Standard Model (SM), there is another fundamental parameter with the 
dimension of mass - the Higgs vacuum expectation value (VEV), which determines 
the electroweak unification scale. The electron mass m e and quark masses m q are 
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proportional to the Higgs VEV. Consequently, the dimensionless parameters X e = 
m e /AqcD an d X q = tt^/Aqcd link the electroweak unification scale with the strong 
scale. For the light quarks u and d, X q <C 1. Because of that, the proton mass m p is 
proportional to Aq CD and X e oc (3. Below we will use (3 instead of X e because it is more 
directly linked to the observables in atomic and molecular experiments. 

We begin by reviewing the theory and the state of the art of the search for the 
variation of a and (3. Next, we discuss, in some detail, the dependence of molecular 
energy structure on a and (3. Finally, we describe possible laboratory experiments 
with ultracold molecules on time-variation. Such experiments are a novelty, and the 
laboratory results obtained so far are not yet competitive. However, there are proposals 
for significant improvements, and several groups have already started implementing 
them. 

2. Theoretical motivation 

How the variation of the physical constants and the violation of the local position 
invariance may come about? Light scalar fields very naturally appear in modern 
cosmological models, affecting parameters of the SM including a and (3 (for the whole 
list of SM parameters see Ref. [H]). Cosmological variations of these scalar fields are, 
in turn, expected to take place because of the drastic changes in the composition of the 
universe during its evolution. 

Theories unifying gravity and other interactions suggest the possibility of spatial 
and temporal variation of physical "constants" in the universe [12]. Moreover, there 
exists a mechanism for making all coupling constants and masses of elementary particles 
both space- and time-dependent, and influenced by the local environment (see review 
|13j). Variation of the coupling constants could be non-monotonic, such as, e.g., damped 
oscillations. 

These variations are usually associated with the effect of massless (or very light) 
scalar fields. One such a field is the dilaton: a scalar which appears in string theories 
together with the graviton, in a massless multiplet of closed-string excitations. Other 
scalars naturally appear in those cosmological models in which our universe is a "brane" 
floating in a space of a larger dimension. The scalars are simply brane coordinates 
in extra dimensions. However, the only relevant scalar field recently discovered, the 
cosmological dark energy, so far does not show visible variations. Observational limits 
on the variation of the physical constants given in section [3] are quite stringent, allowing 
only for scalar couplings, which are smaller than or, in a new class of "chameleon-type 
models", comparable to gravity [H]. Preliminary observations hint that there may be 
space variation of (3 at the level of 5(3/(3 ~ 10~ 8 [13] . 

A possible explanation of the small observed variation was suggested by Damour et 
al [T6irr7]. who pointed out that cosmological evolution of scalars naturally leads to their 
self-decoupling. Damour and Polyakov [IT] have further suggested that the variations 
should take place when the scalars become excited by some physical change in the 
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universe, such as phase transitions, or by other drastic changes in the equation of state 
of the universe. They considered several phase transitions, but since the publication 
of their paper a new transition has been discovered, one from a matter dominated 
(decelerating) era to a dark-energy dominated (accelerating) era. This transition is a 
relatively recent event, corresponding to a cosmological redshift z ~ 0.5, or a look-back 
time of approximately 5 billion years. 

The time dependence of the perturbation related to the transition from the 
decelearting to the accelerating era could be calculated [HJ [19]. The calculation shows 
that the self-decoupling process is effective enough to explain why after this transition 
the variation of the constants is as small as observed in the present-time laboratory 
experiments. However, the calculated time dependence is also consistent with the 
observations of the variation of the proton-to-electron mass ratio and the electromagnetic 
fine-structure constant at z > 1 [20 | I2T 1 122]. 

3. Current constraints on the variation of a and (3 

The analysis of the data from the Big Bang nucleosynthesis [23], quasar absorption 
spectra, and the Oklo natural nuclear reactor yields the space-time variation of the 
constants on the time scale of the lifetime of the universe, i.e. from a few billion to more 
than ten billion years. In comparison, the frequencies of different atomic and molecular 
transitions in the laboratory experiments yield a time variation on the timescale from 
a few months to a few years. There is no model-independent connection between the 
variations on such different timescales. However, in order to compare the astrophysical 
and laboratory results, we often assume a linear time dependence of the constants. 
In this way, we can interpret all the results in terms of the time derivatives of the 
fundamental constants. Within this assumption, we can use the quasar absorption 
spectra to obtain the best current limit on the variation of the mass ratio j3 and of X e , 

[2a m\ 

P//3 = X e /X e = (-1.2 ± 1.4) x 1(T 16 yr" 1 . (1) 

Combining this result with the atomic clock results [43], one can obtain upper 
bounds on the variation of a j26j [27J [28]. The best upper bound on the variation of a 
is provided by the single-ion optical clock experiments as [29] 

a/a = (-1.6 ±2.3) x 1(T 17 yr" 1 . (2) 

The measurements at the Oklo natural reactor provide the best bound on the 
variation of X s = m s /AQ CD , where m s is the strange quark mass [301 EH [32], 

\X S /X S \ < 10- 18 yr _1 - (3) 

Note that the Oklo data cannot yield any bound on the variation of a since the 
effect of a there is much smaller than the effect of X s and should be neglected within 
the accuracy of the present theory [32] • 



Ultracold molecules: new probes on the variation of fundamental constants 



5 



4. Dependence of atomic and molecular spectra on a and (3 

Atomic and molecular spectra are most naturally described in atomic units (h = m e = 



219474.6313705(15) cm -1 ). In these units, the nonrelativistic Schrodinger equation for 
an atom with an infinitely heavy pointlike nucleus does not include any dimensional 
parameters. The dependence of the spectrum on a appears only through relativistic 
corrections, which describe the fine-structure, the Lamb shift, etc. The dependence of 
atomic energies on (3 is known as the isotope effect and is caused by a finite nuclear 
mass and volume. There are even smaller corrections to atomic energies, which depend 
on both a and (3 and are known as the hyperfine structure. 

One could argue that the atomic energy unit itself depends on a as it can be 
expressed as a 2 m e c 2 , with m e c 2 the rest energy of a free electron. However, an 
experimental search for a possible variation of the fundamental constants relies on the 
observation of the time- variations of the ratios of different transition frequencies to one 
another. In such ratios, the dependence of the units on the fundamental constants 
cancels out. Below we will use atomic units unless stated otherwise. 

The relativistic corrections to the binding energies of the atomic valence electrons 
are on the order of a 2 Z 2 , where Z is the atomic number, and become quite large for 
heavy elements. For our purposes, it is convenient to consider the dependence of the 
atomic transition frequencies on a 2 in the form 



where x = (^) 2 — 1 ~ ^f- and to is a transition frequency for a = a . Rough estimates 
of the enhancement factor K = 8 (log u)/ 8 (log a) can be obtained from simple one- 
particle models, but in order to obtain accurate values one has to account for electronic 
correlations via large-scale numerical calculations. Recently, such calculations have been 
carried out for many atoms and ions [33], [MJ [351 ESI E7J [38l ESS HQ] • 

Isotope effects in atoms are on the order of /3 ~ 1CT 3 and the magnetic hyperfine 
structure roughly scales as a 2 /3Zg nnc ~ 10~ 7 Zg nuc , where g nnc is nuclear ^-factor. One 
has to keep in mind that g nnc depends on the quark parameters X g . This dependence has 
to be considered when comparing, e.g., the frequency of the hyperfine transition in 133 Cs 
(Cs frequency standard) [26] or the hydrogen 21 cm hyperfine line [4TJ [32] with various 
optical transitions [26]. At present there are many very accurate experiments comparing 
different optical and microwave atomic clocks [43ll3SI35ll36ll3?l^ A 
detailed discussion of the atomic experiments can be found in recent reviews [521 153] . 

Molecular spectroscopy opens additional possibilities to study the variation of 
fundamental constants. It is known that /3 defines the scales of electronic, vibrational, 
and rotational intervals in molecular spectra, E c \ : : E rot ~ 1 : (3 1 ^ 2 : (3. In addition, 
molecules have fine and hyperfine structure, A-doubling, hindered rotation, etc. All 
these effects have different dependencies on the fundamental constants. 

The sensitivity to temporal variation of the fundamental constants may be strongly 



e = 




2 Rydberg 




(4) 
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enhanced in coupling between molecular levels and continuum, as well as transitions 
between narrow close-lying levels of different types. 

In the following, we describe selected cases to illustrate the potential of ultracold 
molecules in probing the constants: scattering lengths of ultracold atomic and molecular 
collisions, narrow close-lying levels of diatomic molecules, and the proposed experiment 
with ultracold Cs2 and Sr 2 molecules. Enhancement of the relative variation 5uj/uj can 
also occur in transitions between nearly degenerate levels of atoms [331 Ell ESI [Ml 155] - 
thermal molecules [HI ESI EH M, EH] , and nuclei [591 ED]. 

5. Enhanced sensitivity of scattering length on (3 in ultracold atomic and 
molecular collisions near Feshbach resonances 

An interesting case of the enhancement of the effect of the variation of fundamental 
constants arises in collisions of ultracold atoms and molecules near Feshbach resonances 
[7j. In cold collisions, scattering phase shift <fi is very sensitive to the change of the 
electron-proton mass ratio (3. This dependence can be understood as <p depends on the 
ratio of the molecular potential V and the atomic mass m at , namely, (p oc (V '/m at ) l l 2 . 
Since the molecular potential V is predominately electronic and the atomic mass is 
essentially baryonic, we have ~ (V/m at ) l l 2 ~ (m e /m p ) 1//2 ~ (3 l l 2 . A model potential 
calculation shows that, among other cold collisions properties, scattering length A can 
be extremely sensitive to (3. A fractional variation of (3 can be amplified to a change of 
A according to: 

where the enhancement factor K = 5 (log A)/ 5 (log j3) can be as large as 10 9 ~ 10 12 
near narrow or optical Feshbach resonances [7J . Currently the best measurement on the 
scattering length has an uncertainty of 10 -4 , which can potentially probe the variation 
of (3 on the level of KT 13 ~ 10 -16 . 

Recently, Gibble group at Penn State University demonstrated that atomic-clock 
type experiment can determine the scattering phase shift with very high precision [61J. 
They concluded that 1-p.p.m. (10 -6 ) measurement on the scattering length can be 
reached [61]. If such a measurement is performed near narrow Feshbach resonances in 
two consecutive years, variation of (3 can be probed on the level of 10~ 15 ~ 10~ 18 /yr. 

Note that the calculation of the factor K in Ref. [7J is based on the analytic formula 
for the scattering length derived in Ref. [62]. This formula is valid for an arbitrary 
interatomic potential with an inverse-power long-range tail (— Cg/r 6 for neutral atoms, 
where Cq is the van der Waals potential constant and r is the atomic separation), i.e., 
it includes all anharmonic corrections. 

To the best of our knowledge, it is the only suggested experiment on time- variation 
where the observable is not a frequency. However, another parameter, L, with the 
dimension of length is needed to compare A with and thus render it dimensionless. In 
Ref. [7] the scattering length was defined in atomic units (ae). It is important, however, 
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that because of the large enhancement in Equation §5§, the possible dependence of L 
on (3 becomes irrelevant. For example, if we measure A in conventional units, meters, 
which are linked to the Cs standard, then 6~L/L = —5 (3/ (3, and 

As long as K > 1, the dependence of the units used on the fundamental constants 
can be neglected. Below, we discuss several other experiments with huge enhancement 
factors, where this argument can also be applied. 



6. Narrow close-lying levels of diatomic molecules 

In this section we focus on narrow close-lying levels of varying nature in diatomic 
molecules. Such levels may occur due to the cancelation between either hyperfine and 
rotational structures [56], or between the fine and vibrational structures within the 
electronic ground state [58]. The intervals between the levels correspond to microwave 
frequencies, which are experimentally accessible, and have narrow linewidths, typically 
~ 10 -2 Hz. The enhancement of the relative variation K can exceed 10 5 in such cases. 



6.1. Molecules with cancelation between hyperfine structure and rotational intervals 



Consider diatomic molecule with the 2 £ ground state (one unpaired electron). Examples 
of such molecules include LaS, LaO, LuS, LuO, and YbF [63]. The hyperfine interval Ahf s 
is proportional to a 2 ZF re i(aZ)j3g nuc , where F rol is an additional relativistic (Casimir) 
factor [68]. The rotational interval A rot oc (3 is approximately independent of a. If we 
find a molecule with Ahf s ~ A rot , the splitting uj between hyperfine and rotational levels 
will depend on the following combination 

uj oc [3 a 2 F re i(aZ) g nuc — const 

The relative variation is then given by 
5uj A hfs 

UJ 



UJ 



(2 + J0- + ^ 

& Qimc 



J' 



(7) 
(8) 

50, K « 1. As 



where the factor K comes from the variation of F rc \(aZ), and for Z 
long as A hfs /u; ^> 1, we can neglect the last term in Equation ([8]). 

The data on the hyperfine structure of diatomics are hard to come by and usually 
not very accurate. Using the data from [63], one can find that u = (0.002 ± 0.01) cm -1 
for 139 La 32 S [56J. Note that for uj = 0.002 cm -1 , the relative frequency shift is 



5uj 



5a 



600 — . (9) 

uj a 

As new data on molecular hyperfine constants become available, it is likely that other 
molecular candidates with the cancelation effect will be found. 
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6.2. Molecules with cancelation between fine- structure and vibrational intervals 
The fine- structure interval, ojj, increases rapidly with the nuclear charge Z: 

u f ~ ZV , (10) 
In contrast, the vibrational energy quantum decreases with the atomic mass 

Wvib-M" 1 / 2 /? 1 / 2 , (11) 

where the reduced mass for the molecular vibration is M r m p . Therefore, we obtain an 
equation Z = Z(M r , v) for the spectral lines at fixed Z, M r . where we can expect an 
approximate cancelation between the fine-structure and vibrational intervals: 

OJ = OJf — v oj vih « , v = 1,2, ... (12) 

Using Eqs. (flQTfl2"l) . it is easy to find the dependence of the transition frequency on the 
fundamental constants 

Sou 1 / 5a v 5{3\ „ ( Jot 16/3\ 

— = -[ 2uJ f— + o^vib-^ « K 2— + \, 13 
oj oj \ a 2 (J J \ a 2 p J 

where the enhancement factor, K — — , is due to the relative frequency shift for a given 
change of the fundamental constants. Large values of the factor K are experimentally 
favorable, as the correspondingly large relative shifts can be more easily detected. 
However, large value of K do not always guarantee a more sensitive measurement. 
In some cases of quasi-degenerate levels, this factor may become irrelevant [51] . Thus, 
it is also important to consider the absolute values of the shifts and compare them with 
the linewidths of the transitions in question. 

Assuming 5a/ at ~ 10" 17 and ojj ~ 500 cm" 1 , we obtain 5oj ~ 10" 14 cm" 1 ~ 3x 10~ 4 
Hz. In order to obtain a similar sensitivity from a comparison of the hyperfine transition 
frequencies of Cs or Rb, one would have to measure the shifts with an accuracy of ~ 10 -7 
Hz. Note that discussed here narrow close levels exist, for example, in the molecular ion 
Cl^" and in the molecule SiBr [57] . 



7. Proposed experiments with Cs 2 and Sr 2 

In this section we discuss two recently proposed experiments with cold diatomic 
molecules, one with Cs 2 at Yale [H [69] and one with Sr 2 at JILA [9] . 

The Yale experiment is based on the idea described in Ref. [8] to match the 
electronic energy with a large number of vibrational quanta. The difference compared 
with Eqs. (fTOl - [T21) is that here the electronic transition is between a 4 S+ ground state 
and a 3 S+ excited state and thus, to the first approximation, its frequency is independent 
of a. The energy of this transition is about 3300 cm -1 and the number of the vibrational 
quanta needed to match it is on the order of 100. For the vibrational quantum number 
v ~ 100, the density of the levels is high due to the anharmonicity of the potential and 
hence it is possible to find two nearby levels belonging to two different potential energy 
curves. This leads to an enhanced sensitivity to variation of (3, as in Equation (fT2l . Cold 
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Cs2 molecules in a particular quantum state can be produced by the photoassociation 
of cold Cs atoms in a trap. 

Let us estimate the sensitivity of this proposed experiment to the variation of a 
and f3. If we neglect the anharmonicity, we can write the transition frequency between 
the closely-spaced vibrational levels of the two electronic terms as 

UJ = CJ e l,0 + qX+ (V 2 + -) ^ vib ,2 - Ol + ^) ^vib,l, (14) 

where t>2 <C V\. The dependence of this frequency on a and (3 is given by 

5un2q — — , 15 

a 2 p 

where we made use of the inequality to <C w e i,o- F° r the ground state of atomic Cs, the 
g-factor is about 1100 cm -1 , which is close to \a 2 Z 2 E§ S) where Eq s is the ground-state 
binding energy. If we assume that the same relation holds for the electronic transition 
in the molecule, we obtain \q\ ~ \o?Z 2 u)&$ ~ 120 cm -1 . Using this rough estimate and 
Equation (IT5"|) we have (in cm -1 ) 

Sun -240— - 1600^, (16) 

a p 

where we assumed that the relativistic corrections reduce the dissociation energy of the 
molecule, as a result of which q is negative. This estimate shows that the experiment 
with Cs2 is mostly sensitive to the variation of f3. 

As noted above, for high vibrational states, the potential is highly anharmonic. 
This significantly decreases the sensitivity as estimated by Eq. (1161) . This can be seen 
either from the WKB approximation [HI [69] , or from an analytic solution for the Morse 
potential [9]. The quantization condition for the vibrational spectrum in the WKB 
approximation 

'2M(U(r) - E n ) dr = (v + l)n . (17) 



2 

yields, by differentiation with respect to j3, the following result 

6K = ^± S -§, (18) 

where p{E v ) = (dE v / dv) -1 ~ (E v — E v _i)~ l is the level density. For the harmonic 
part of the potential, p = const and the shift 5E V increases linearly with v, but 
for vibrational states near the dissociation limit, the level density p(E) — > oo and 
8E V — > 0. Consequently, the maximum sensitivity ~ 1000 cm" 1 is reached at v ~ 60, 
and rapidly drops for higher v. The Yale group has found a conveniently close vibrational 
level of the upper 3 S U state with v = 138. The sensitivity for this level is however only 
~ 200 cm" 1 [69]. There are still good prospects for finding other close- lying levels with 
smaller v, for which the sensitivity may be several times higher. 

The sensitivity as given by Eq. ( Tl6l) towards the variation of a is also reduced by 
the anharmonicity of the potential. For the highest vibrational levels of the electronic 
ground state as well as for all levels of the upper (weakly bound) electronic state, the 
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separation between the nuclei is large, R ~ 12 a.u. Thus, both electronic wave functions 
are close to either symmetric (for or antisymmetric combination (for 3 S„ ) of the 
atomic 6s functions, 

^,«(ri, r 2 ) « (6s (r 1 )6s 6 (r 2 ) ± 6 S fe (n)6s a (r 2 )) . (19) 

As a result, all the relativistic corrections are (almost) the same for both electronic 
states. 

The deleterious effect of the anharmonicity on the sensitivity to the variation of (3 
and a can be also obtained from the analysis of the Morse potential. Its eigenvalues are 
given by 

E v =u (v + l)-^±i^-d, (20) 

with ljq = 2na^j2d/M and d the dissociation energy. The last eigenvalue En is found 
from the conditions E N+ i < E N and E N _i < E N . Clearly, E N is very close to zero and 
is independent of (3 and a and thus of their variation. 

We note that the highest absolute sensitivity can be expected for vibrational levels 
in the middle of the potential energy curve. However, in this part of the spectrum, there 
are no close-lying levels of a different state that would allow to maximize the relative 
sensitivity 5uj/uj. Zelevinsky et al {9| proposed to measure molecular transition with the 
highest sensitivity to (3 using a frequency comb. In the proposed experiment, an optical 
lattice is used to trap Sr 2 molecules formed in one of the uppermost vibrational levels of 
the ground electronic states by photoassociation. In the next step, a Raman transition 
is proposed to create molecules in one of the most sensitive levels in the middle of the 
potential well. To minimize light shifts on the relevant transition, the optical lattice is 
formed by a laser operated at the "magic" wavelength [9]. Sensitivity to the external 
magnetic field can also be greatly reduced by choosing molecular levels with identical 
magnetic moment. 

The frequency comb scheme offers the highest possible absolute sensitivity for a 
given molecule. Unfortunately, the dissociation energy of Sr 2 is only about 1000 cm -1 , 
which is 3 times smaller than that of Cs 2 . Consequently, the highest sensitivity for the 
Sr 2 molecule occurs at about 270 cm" 1 , i.e. only slightly higher than for the v = 138 
level in Cs 2 . Therefore, it may be useful to try to apply this scheme to another molecule 
with a larger dissociation energy. Finally, we note that the sensitivity to a-variation 
in the Sr 2 experiment is additionally reduced by a factor (55/38) 2 ~ 2 because of the 
smaller Z. 

8. Conclusions 

Astrophysical observations of the spectra of diatomic and polyatomic molecules can 
reveal a possible variation of the electron-to-proton mass ratio (3 on a time scale from 6 
to 12 billion years. However, the astrophysical results obtained so far are inconclusive. 
Much of the same can be said about the astrophysical search for an a-variation. 
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The use of cold molecules holds the promise to dramatically enhance the sensitivity 
of the molecular experiments. An example is the scattering length in cold collisions of 
atoms and molecules near narrow Feshbach resonances, which can have a surprisingly 
high sensitivity on the variation of (3 [TJ. Measurement of scattering phase shift in 
atomic clock-type experiments [HI] can potentially test the fractional variation of (3 on 
the level of 1(T 15 ~ l(T 18 /yr. 

Preliminary spectroscopic experiment with ultracold Cs2 molecules have been 
recently performed at Yale [69]. The electronic transition between the 3 S+ and X E~ 
states of Cs 2 is independent, to the first approximation, of a. On the other hand, 
the sensitivity to the /3-variation may be enhanced because of the large number 
of the vibrational quanta needed to match the electronic transition. However, the 
anharmonicity of the potential suppresses this enhancement for very high vibrational 
levels near the dissociation limit. As a result, the sensitivity to the variation of (3 for 
the v = 138 level is about the same as that given in Eq. (13). It is possible that there 
are other close-lying levels with smaller vibrational quantum number and, consequently, 
allow for a higher sensitivity. Even if such levels are not found, the experiment with the 
v = 138 level may improve the current limit on the time- variation of (3 by several orders 
of magnitude. 

An experiment with the Sr 2 molecule has been recently proposed at JILA [9]. 
This experiment has a similar sensitivity to the time-variation of (3 as the experiment 
with CS2; these experiments are complementary to the experiments with the molecular 
radicals, which are mostly sensitive to the time- variation of a [58] . 

9. Acknowledgments 

We want to thank J. Ye, D. DeMille, and S. Schiller for their extremely useful comments. 
C.C. acknowledges support from the NSF-MRSEC program under No. DMR-0820054 
and ARO Grant No. W911NF0710576 from the DARPA OLE Program. V.F. acknowl- 
edges support from Masden grant and Australian Research Council. M.K. acknowledges 
support from RFBR grant 08-02-00460. 

[1] C. A. Regal and C. Ticknor and J. L. Bohn and D. S. Jin, "Creation of ultracold molecules from 

a Fermi gas of atoms" Nature 424, 47-50 (2003). 
[2] J. Hcrbig and T. Kraemer and M. Mark and T. Weber and C. Chin and H.-C. Nagerl and R. Grimm, 

"Preparation of a pure molecular quantum gas" Science 301, 1510-1513 (2003). 
[3] K. Winkler, F. Lang, G. Thalhammcr, P. v. d. Stratcn, R. Grimm, and J. Hecker Denschlag, 

"Coherent Optical Transfer of Feshbach Molecules to a Lower Vibrational State" Phys. Rev. 

Lett. 98, 043201 (2007). 

[4] J. G. Danzl, E. Hallcr, M. Gustavsson, M. J. Mark, R. Hart, N. Bouloufa, O. Dulicu. H. Ritsch, 
H.-C. Nagerl, "Quantum Gas of Deeply Bound Ground State Molecules" Science 321, 1062-1066 
(2008). 

[5] K.-K. Ni, S. Ospclkaus, M. H. G. dc Miranda, A. Pc'er, B. Neyenhuis, J. J. ZirbcL S. Kotochigova, 
P. S. Julienne, D. S. Jin, J. Ye, "A High Phasc-Space-Density Gas of Polar Molecules" Science 
322, 231-235 (2008). 



Ultracold molecules: new probes on the variation of fundamental constants 



12 



[6] C. Chin, R. Grimm, E. Tiesinga and P.S. Julienne, cond-mat/0812.1496 (submitted to Rev. Mod. 
Phys.) 

[7] Cheng Chin, V. V. Flambaum, "Enhanced sensitivity to fundamental constants in ultracold atomic 
and molecular systems near Feshbach resonances" Phys. Rev. Lett. 96, 230801 (2006). 

[8] D. DcMillc, Invited talk at 35th Meeting of the Division of Atomic, Molecular and Optical Physics, 
May 25-29, 2004, Tucson, Arizona; talk at 20th International conference on atomic physics 
(ICAP 2006), July 16-21, 2006, Innsbruck, Austria. 

[9] T. Zclcvinsky, S. Kotochigova, and J. Ye, "Precision test of mass-ratio variation with lattice- 
confined ultracold molecules", Phys. Rev. Lett. 100, 043201 (2008) : larXiv:0708. 18061 (2007). 
[10] NIST Physical Reference Data, 

http://www.physics.nist.gov/PhysRcfData/contents.html 
[11] F. Wilczek, "Fundamental Constants" (2007). larX"iv:0708.436ll 

[12] W. J. Marciano, "Time variation of the fundamental 'constants' and Kaluza-Klein theories" Phys. 

Rev. Lett. 52, 489 (1984); X. Calmct and H. Fritzsch, "Grand unification and time variation of 

the gauge couplings" Eur. Phys. J C24, 639 (2002); P. Langacker, G. Segre and M. J. Strassler, 

"Implications of gauge unification for time variation of the fine structure constant" Phys. Lett. 

B 528, 121 (2002); T. Dent, M. Fairbairn, "Time- varying coupling strengths, nuclear forces and 

unification" Nucl. Phys. B 653, 256 (2003). 
[13] J-P. Uzan, "The fundamental constants and their variation: observational and theoretical status" 

Rev. Mod. Phys. 75, 403 (2003). 
[14] K.A. Olive and M. Pospelov, "Environmental dependence of masses and coupling constants" Phys. 

Rev. D 77, 043524 (2008). 
[15] S.A. Levshakov, P. Molaro and M.G. Kozlov, "On spatial variations of the electron-to-proton mass 

ratio in the Milky Way" . [arXTv:0808.0583l 
[16] T. Damour and K. Nordtvedt, "General relativity as a cosmological attractor of tensor-scalar 

theories" Phys. Rev. Lett. 70, 2217 (1993); "Tensor-scalar cosmological models and their 

relaxation toward general relativity" Phys. Rev. D 48, 3436 (1993). 
[17] T. Damour and A. M. Polyakov, "The string dilaton and a least coupling principle" Nucl. Phys. 

B 423, 532 (1994) [arXiv:hep-th/9401069]. 
[18] H. B. Sandvik, J. D. Barrow, and J. Magueijo, "A simple cosmology with a varying fine structure 

constant" Phys. Rev. Lett. 88 , 031302 (2002). 
[19] K. Olive and M. Pospelov, "Evolution of the fine structure constant driven by dark matter and 

the cosmological constant" Phys. Rev. D 65, 085044 (2002). 
[20] M. T. Murphy, J. K. Webb, V. V. Flambaum, "Further evidence for a variable fine structure 

constant from Keck/HIRES QSO absorption spectra" Mon. Not. R. Astron. Soc. 345, 609-638 

(2003) ; J. K. Webb et al "Further evidence for cosmological evolution of the fine structure 
constant" Phys. Rev. Lett. 87, 091301 (2001); J. K. Webb, V. V. Flambaum, C. W. Churchill, 
M. J. Drinkwater, and J. D. Barrow, "Search for time variation of the fine structure constant" 
Phys. Rev. Lett., 82, 884, 1999. 

[21] A. Ivanchik, P. Petitjean, D. Aracil, R. Strianand, H. Chand, C. Ledoux, P. Boisse, "A new 
constraint on the time dependence of the proton-to-electron mass ratio. Analysis of the Q 0347- 
383 and Q 0405-443 spectra" Astron. Astrophys. 440, 45 (2005); E. Reinhold, R. Burring, U. 
Hollcnstcin, A. Ivanchik, P. Petitjean, and W. Ubachs, "Indication of a cosmological variation of 
the proton-electron mass ratio based on laboratory measurement and reanalysis of H2 spectra" 
Phys. Rev. Lett. 96, 151101 (2006). 

[22] S. A. Levshakov, P. Molaro, S. Lopez, S. D'Odorico, M. Centurion, P. Bonifacio, I. I. Agafonova, 
and D. Rcimcrs, "A new measure of Aa/a at rcdshift z = 1.84 from very high resolution spectra 
of Q 1101-264" Astron. Astrophys. 466, 1077 (2007), |arXiv:astro-ph/0703042| 

[23] V. F. Dmitriev, V. V. Flambaum, J. K. Webb, "Cosmological variation of deuteron binding energy, 
strong interaction and quark masses from big bang nucleosynthesis" Phys. Rev. D 69, 063506 

(2004) . 



Ultracold molecules: new probes on the variation of fundamental constants 



13 



[24] V. V. Flambaum, M. G. Kozlov, "Limit on the cosmological variation oim p /m e from the inversion 
spectrum of ammonia" Phys. Rev. Lett. 98, 240801 (2007); arXiv:0704.2301. 

[25] M. T. Murphy, V. V. Flambaum, S. Muller, and C. Hcnkel, "Strong limit on a variable proton- 
to-electron mass ratio from molecules in the distant Universe" Science 20, 1611-1613 (2008); 
arXiv:0806.3081. 

[26] V. V. Flambaum and A. F. Tedesco, "Dependence of nuclear magnetic moments on quark masses 

and limits on temporal variation of fundamental constants from atomic clock experiments" Phys. 

Rev. C 73, 055501 (2006). 
[27] V. V. Flambaum, E. V. Shuryak, "How changing physical constants and violation of local position 

invariance may occur?" |arXiv:physics/0701220| 
[28] V. V. Flambaum, "Variation of fundamental constants: theory and observations" Int. J. Mod. 

Phys. A 22, 4937 (2007); arXiv:0705.3704l 
[29] T. Roscnband, D.B. Hume, P.O. Schmidt, C.W. Chou, A. Brusch, L. Lorini, W.H. Oskay, R.E. 

Drullingcr, T.M. Forticr, J.E. Stalnaker, S.A. Diddams, W.C. Swann, N.R. Newbury, W.M. 

Itano, D.J. Wineland, J.C. Bergquist, "Frequency Ratio of Al + and Hg + Single-Ion Optical 

Clocks; Metrology at the 17th Decimal Place", Science 319, 1808 (2008). 
[30] A. I. Shlyakhtcr, "Direct test of the constancy of fundamental nuclear constants" Nature 264, 340 



[31] C. R. Gould, E. I. Sharapov, S. K. Lamoreaux, "Time variability of a from realistic models of 
Oklo reactors" Phys. Rev. C 74, 024607 (2006); Yu. V. Petrov et ai, "Natural nuclear reactor 
at Oklo and variation of fundamental constants: Computation of neutronics of a fresh core" 
Phys. Rev. C 74, 064610 (2006). 

[32] V. V. Flambaum and E. V. Shuryak, "Limits on cosmological variation of strong interaction and 
quark masses from Big Bang nucleosynthesis, cosmic, laboratory and Oklo data" Phys. Rev. D 
65, 103503 (2002); V. F. Dmitriev and V. V. Flambaum, "Limits on cosmological variation of 
quark masses and strong interaction" Phys. Rev. D 67, 063513 (2003); V. V. Flambaum and 
E. V. Shuryak, "Dependence of hadronic properties on quark masses and constraints on their 
cosmological variation" Phys. Rev. D 67, 083507 (2003). 

[33] V. A. Dzuba, V. V. Flambaum, J. K. Webb, "Calculations of the relativistic effects in many-electron 
atoms and space-time variation of fundamental constants" Phys. Rev. A 59, 230 (1999); "Space- 
time variation of physical constants and relativistic corrections in atoms" Phys. Rev. Lett. 82, 
888 (1999). 

[34] V. A. Dzuba, V. V. Flambaum, M. V. Marchenko, "Relativistic effects in Sr, Dy, Yb II and Yb 
III and search for variation of the fine structure constant" Phys. Rev. A 68, 022506 (2003). 

[35] V. A. Dzuba, V. V. Flambaum, M. G. Kozlov, and M. Marchenko, "The a-dependence of transtion 
frequencies for ions Si II, Cr II, Fe II, and Zn II" Phys. Rev. A, 66, 022501 (2002); J. C. 
Berengut, V. A. Dzuba, V. V. Flambaum, and M. V. Marchenko, "The a-dependence of 
transition frequencies for some ions of Ti, Mn, Na, C, and O, and search for variation of the fine 
structure constant" Phys. Rev. A, 70, 064101 (2004); V. A. Dzuba, V. V. Flambaum, "Search 
for cosmological variation of the fine structure constant using relativistic energy shifts in Ge II, 
Sn II, and Pb II" Phys. Rev. A, 71, 052509 (2005). 

[36] V. A. Dzuba and V. V. Flambaum, "Fine-structure anomalies and search for variation of the fine- 
structure constant in laboratory experiments" Phys. Rev. A 72, 052514 (2005); E. J. Angstmann, 
V. A. Dzuba, V. V. Flambaum, S. G. Karshenboim, A. Yu. Nevsky, "A new option for a search 
for alpha variation: narrow transitions with enhanced sensitivity" J. Phys. B 39, 1937 (2006); 
|physlcs/0511180| 

[37] A. Borschevsky, E. Eliav, Y. Ishikawa, and U. Kaldor, "Atomic transition energies and the variation 
of the fine-structure constant a" Phys. Rev. A 74, 062505 (2006). 

[38] S. G. Porsev, K. V. Koshelev, I. I. Tupitsyn, M. G. Kozlov, D. Reimers, S. A. Lcvshakov, 
"Transition frequency shifts with fine structure constant variation for Fe II: Breit and core- 
valence correlation correction", Phys. Rev. A 76, 052507 f2007), larXiv:0708.1662l 



(1976). 



Ultracold molecules: new probes on the variation of fundamental constants 



11 



V. A. Dzuba and W. R. Johnson, " Coupled-cluster single-double calculations of the relativistic 
energy shifts in C IV, Na I, Mg II, Al III, Si IV, Ca II, and Zn II", Phys. Rev. A 76, 062510 
f2007L larXiv:0710.34i7l 

V. A. Dzuba and V. V. Flambaum, "Relativistic corrections to transition frequencies of Fe I 
and search for variation of the fine structure constant", Phys. Rev. A 77, 012514 (2008), 
larXiv:071 1.44281 

P. Tzanavaris, J. K. Webb, M. T. Murphy, V. V. Flambaum, and S. J. Curran, "Limits on variations 

in fundamental constants from 21-cm and ultraviolet quasar absorption lines", Phys. Rev. Lett. 

95, 041301 (2005), [astro-ph/0412649] 
P. Tzanavaris, J. K. Webb, M. T. Murphy, V. V. Flambaum, S. J. Curran, "Probing variations 

in fundamental constants with radio and optical observations of quasar absorption lines" , Mon. 

Not. R. Astron. Soc. 374, 634 (2007). 
T. M. Forticr et al, "Precision atomic spectroscopy for improved limits on variation of the fine 

structure constant and local position invariance" Phys. Rev. Lett. 98, 070801, (2007). 
J. D. Prestage, R. L. Tjoelker, and L. Maleki, "Atomic clocks and variations of the fine structure 

constant" Phys. Rev. Lett. 74, 3511 (1995). 
H. Marion et al., "Search for variations of fundamental constants using atomic fountain clocks" 

Phys. Rev. Lett. 90, 150801 (2003). 
S. Bize et al., "Cold atom clocks and applications" arXiv:physics/0502117. 

E. Peik, B. Lipphardt, H. Schnatz, T. Schneider, Chr. Tamm, S. G. Karshenboim, "Limit on the 

present temporal variation of the fine structure constant" Phys. Rev. Lett. 93, 170801 (2004). 
S. Bize et al., "Testing the stability of fundamental constants with the 199 Hg + single-ion optical 

clock" Phys. Rev. Lett. 90, 150802 (2003). 
M. Fischer et al., "New limits on the drift of fundamental constants from laboratory measurements" 

Phys. Rev. Lett. 92, 230802 (2004). 
E. Peik, B. Lipphardt, H. Schnatz, T. Schneider, Chr. Tamm, S. G. Karshenboim, "Frequency 

comparisons and absolute frequency measurements of 171 Yb + single-ion optical frequency 

standards" Laser Physics 15, 1028 (2005) arXiv:physics/0504101. 
E. Peik, B. Lipphardt, H. Schnatz, Chr. Tamm, S. Weyers, R. Wynands, "Laboratory limits on 

temporal variations of fundamental constants: an update" arXiv:physics/0611088. 
S. Karshenboim, V.V Flambaum, E. Peik, "Atomic clocks and constraints on variation of 

fundamental constants," in Springer Handbook of Atomic, Molecular and Optical Physics, edited 



by G.W.F. Drake, Springer, Berlin, 2005, Ch. 30, pp455-463; |arXiv:physics/0410074 
S. N. Lea, "Limits to time variation of fundamental constants from comparisons of atomic frequency 

standards", Rep. Prog. Phys. 70, 1473 (2007). 
A. T. Nguyen, D. Budker, S. K. Lamoreaux and J. R. Torgerson, "Towards a sensitive search 

for variation of the fine-structure constant using radio-frequency El transitions in atomic 

dysprosium" Phys. Rev. A. 69, 022105 (2004). 
A. Cingoz et al , "Limit on the temporal variation of the fine-structure constant using atomic 

Dysprosium" Phys. Rev. Lett. 98, 040801, (2007). 
V.V. Flambaum, "Enhanced effect of temporal variation of the fine structure constant in diatomic 

molecules" Phys. Rev. A 73, 034101 (2006). 
J. van Veldhovcn et al , "Decelerated molecular beams for high- resolution spectroscopy" Eur. 

Phys. J. D, 31, 337 (2004). 
V. V. Flambaum, M. G. Kozlov, "Enhanced sensitivity to variation of the fine structure constant 

and m p /m e in diatomic molecules" Phys. Rev. Lett. 99, 150801 (2007): larX"iv:0705.0849l 
V. V. Flambaum, "Enhanced effect of temporal variation of the fine structure constant and strong 

interaction in 229 Th" Phys. Rev. Lett. 97, 092502 (2006). 
E. Peik, Chr. Tamm, "Nuclear laser spectroscopy of the 3.5 cV transition in 229 Th" Europhys. 

Lett. 61, 181 (2003). 

R. A. Hart, X. Xu, R. Legere, and K. Gibble, "A quantum scattering interferometer", Nature 446, 



Ultracold molecules: new probes on the variation of fundamental constants 



15 



892-895 (2007). 

[62] G. F. Gribakin and V. V. Flambaum, "Calculation of the scattering length in atomic collisions 

using the semiclassical approximation" Phys. Rev. A 48, 546 (1993). 
[63] K. P. Huber and G. Hcrzbcrg, "Constants of Diatomic Molecules", Van Nostrand, New York, 

(1979). 

[64] S. J. Ferrell et al , "Investigation on the gravitational potential dependence of the fine-structure 
constant using atomic Dysprosium", Phys. Rev. A, 76, 062104 (2007). larXiv:0708.0569l 

[65] I. I. Sobelman, Atomic spectra and radiative transitions (Springer- Verlag, Berlin 1979). 

[66] D. DeMille, S. Sainis, J. Sage, T. Bcrgcman, S. Kotochigova, and E. Ticsinga, "Enhanced 
sensitivity to variation of m e /m p in molecular spectra", Phys. Rev. Lett. 100, 043202(2008); 
larXiv:0709.0963l (2007). 

[67] S. J. Ferrell et al , "Investigation on the gravitational potential dependence of the fine-structure 
constant using atomic Dysprosium", Phys. Rev. A, 76, 062104 f2007). larXiv:0708.0569l 

[68] I. I. Sobelman, Atomic spectra and radiative transitions (Springer- Verlag, Berlin 1979). 

[69] D. DeMille, S. Sainis, J. Sage, T. Bergeman, S. Kotochigova, and E. Tiesinga, "Enhanced 
sensitivity to variation of m e /m p in molecular spectra", Phys. Rev. Lett. 100, 043202(2008); 
larXiv:0709.0963l (2007). 



